ABSTRACT
Introduction
Potato is the most important crop in the Peruvian Andes, both in terms of area planted, and farm households producing -approximately 600 thousand. In Ecuador there are approximately 90 thousand potato producers. Currently, the potato crop contributes 11% and 7% of the agricultural gross domestic product in Peru and Ecuador, respectively, equivalent to a total added value of US $684 million in 2006 [1] . It is estimated that the potato producers in the two countries represent 5% of the agricultural economically active population, and more than 30 million workdays are generated each year in the potato sector [1] . Thus, the potato crop is one of the main labour and income sources in the rural areas of Andean Peru and Ecuador. However, average potato yields in the two countries remain low: 12.3 t·ha -1 in Peru and 7.8 t·ha -1 in Ecuador, compared to 17.2 t·ha -1 in the neighbouring country Colombia and the world average of 17.6 t·ha -1 [1] . Farms in the Andean highlands of Peru and Ecuador are characterized by small-scale agriculture and significantly rely on a rain-fed cropping system. Potato is predominantly grown for local and regional markets and is a subsistence crop for many of the poorest Andean farmers.
The main potato disease in the Andes is late blight, which is caused by the oomycete pathogen Phytophthora infestans. According to one study, about 42% of the 268,000 ha cultivated with potato in Peru are at risk from high late blight severity and approximately 15% of the Peruvian potato crop is lost annually to late blight [2] . In Ecuador, in the northern wet Andes, late blight is particularly widespread because farmers plant potato year-round and the dry seasons are generally relatively short [3] .
Pests are also major biotic constraints to potato production in the Andes, especially the Andean potato weevil (Premnotrypes spp.), the potato tuber moths (Symmetrischema plaesiosema, Tecia solanivora, Phthorimaea operculella) and flea beetles (Epitrix spp.).
The use of pesticides is common practice among potato farmers due to the prevalent pest and disease problems. In both countries fungicides are routinely used for control of potato late blight and insecticides are applied primarily to control Andean potato weevil, but also frequently for flee beetle. The product types and number of sprays commonly used are highly variable from one location to another. The use of highly hazardous (World Health Organization, WHO class Ia and Ib) and moderately hazardous (WHO class II) pesticides has been reported to be common [4] . A study done in 1999 in northern Peru [5] found that farmers applied fungicides 6 times on the average to their potato crops. Two surveys carried out by the International Potato Center (CIP) in the 1990's found that farmers in northern Ecuador on the average sprayed potato 7 times with an average of 2.5 products in a mixture at each application [6] . A recent intensive follow-up study of producers in northern Ecuador found that the situation has changed little; the new study reported an average of 7.3 sprays per season [7] .
CIP and its partners have put a high priority on the development and diffusion of integrated pest (and disease) management (IPM) knowledge and technologies that help to reduce the damage caused by pests and diseases, while also reducing dependency on hazardous pesticides. These technologies include use of potato cultivars with resistance to late blight, biological control, and alternative management practices to reduce the overall need for insecticides and the complete avoidance of highly toxic insecticides for control of Andean potato weevil (World Health Organization, WHO category Ia and Ib) [8] .
Measuring the success of IPM and related technologies can be done in several ways. For example, one can demonstrate increased productivity and/or economic benefits of any practice that is to be adopted by farmers. This can be done with a large number of established techniques routinely used in field trials, including demonstration plots or the more participatory farmer field schools [9] . Yield measurements and simple economic analysis are readily carried out with farmers to compare crop management practices [10] .
Within the developing countries where CIP and its partners work, however, there is no effective mechanism for measuring the potential benefits of IPM interventions in reducing environmental and human health risks. It has become increasingly clear that assessments based solely on the costs of pesticides or on the volumes applied are not sufficient metrics for evaluating the potential environmental or health benefits of IPM approaches [11] . Furthermore, given the resource limitations and difficulties associated with work in many developing countries, any metric adopted for assessing health and environmental risks should require a minimum of input information.
Many tools, which summarize the complexity of environmental and human health hazards and risks, have been developed for the evaluation of secondary adverse effects of pesticides [12] . One of the more widely used measures is the EIQ [13] , a composite system, which permits the integration of several important environmental and human health impacts into one value [14] . The EIQ is regarded as relatively easy to use and has been presented in the scientific literature as useful for estimating potential environmental hazards associated with agricultural pesticide use in diverse environments [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
In this article, we apply the EIQ to data from controlled field trials implemented in Ecuador to evaluate the practical boundaries of this metric for different crop management practices that may be found in potato production in the Andes. We also use the EIQ to compare potato farming practices reported in two independent surveys, one involving three locations in Peru and the other from two locations in Ecuador. We propose the EIQ as a simple metric for comparing crop management practices in potato production in developing countries. We discuss some limitations of this approach as well as research that may facilitate or improve it. A co eriment was implemented three times in rahu us w C = chro DT = dermal toxicity P = plant surface resid S = soil residues half-life SY = systemicity L = leaching poten F = fish toxicity R = surface loss p D = bird toxicity Z = bee toxicity B = beneficial art Values in the equation are determined rmation from several sources including the Extension Toxicology Network (EXTOXNET), CHEM-NEWS, SELCTV, individual chemical manufacturers' data sheets, and public data sources, such as those available from the US Environmental Protection Agency [13] . The minimum EIQ for a pesticide active ingredient (a.i.) is 6.7 and the maximum 210. Most EIQ values used in this study were taken from a database of over 450 a.i. that are currently available on a Cornell University website (http://nysipm.cornell.edu/publications/eiq/). How some pesticide a.i. that were not available at that site, we used the EIQ of a chemically similar product which belonged to the same hazard classification of the World Health Organization (WHO) [8] . For example, benalaxyl and oxycarboxin, not on the published list, were given the value of 15.55, which is the average value of the chemically similar fenhexamid and carboxin, which are on the list. All four products are classified as "U", unlikely to present acute hazard in normal use, in the WHO classification.
The environme a) was calculated for each individual field or experimental plot with the following formula:
EI per ha = EIQ × [dosage ha -1 ] × %-no. applications; Where dosage ha -1 grams or liters per ha. The total EI per ha was calculated by summing the EI per ha for each individual a.i., across all applications of the season.
Environmental Impact (EI)
Production Systems in Field Experime Ecuador ntrolled exp Ecuador in important potato production zones. The experiments were designed to give estimates of EI of different production practices ranging from those considered most ecological to those highly dependent on pesticides. One trial was conducted in the CIP-Quito experimental station in the province of Pichincha in 2008, a second in a farmer's field in San Vincente de Tiazo in the province of Chimborazo also in 2008 and a third in a farmer's field in Pillaro in the province of Tungurahua in 2009. The experiments were designed to estimate the environmental and health hazards of six different potato management systems ( Table 1) . Each system included a potato cultivar and technology package. The technology packages were designed in consultation with farmers and workers from the national potato program. The trials included the cultivars Fripapa, Superchola and Capiro, which were combined with conventional practices which depend heavily, but to a varying degree, on pesticide inputs, and the late blight resistant and early maturing breeding varieties C8, C11 and CIP 575045, which were combined with IPM practices recommended by CIP and national partner scientists. Thus, conventional production systems differed from IPM production systems in that the former generally included both more applications of pesticides and also pesticides with higher EIQ values ( Table  1) . For example, conventional systems used systemic/transla-minar fungicides such as dimethomorph (EIQ = 24.01) and cymoxanil (EIQ = 35.48) and the contact fungicides mancozeb (EIQ = 25.72) and chlorothalonil (EIQ = 37.42), while the IPM systems generally used phosphonate fungicides (EIQ = 8.67) ( Table 1) . A similar situation existed for insecticides.
CIP 575045 was not included in the trial in Tungu a. Conventional farmer practices for the first three cultivars consisted of calendar sprays with pesticides that were selected based on interviews with farmers who regularly grew the cultivars and selected pesticides according to the pests that were present and the perceived severity of late blight. Several pesticides were used to represent common pesticide choices in the different provinces. For the management systems based on IPM practices, late blight was treated by spraying primarily with phosphonate fungicides after each 50 mm accumu-lated rainfall [26] . IPM insect control consisted of traps for Andean potato weevil, monitoring and, when needed, applications primarily with the insecticides acephate and deltamethrin, both with relatively low EIQ values ( Table  3) for control of weevil and flea beetle respectively [27] .
At all sites a randomized complete block design was ed with four replicates. To verify natural pest and disease levels, six additional control plots with each of the six cultivars (five in Tungurahua) without pesticide applications were included. Plot size was approximately 6 × 6 m with an intra-row distance of 0.8 m for all cultivars Table 2 for more information on locations and Table 3 for EIQ values of pesticides; 2 Cymoxanil, dimethomorph and metalaxyl were used in mixture with a contact fungicide.
e an intrarow distance of 1.1 m as is commonly done by farmers. Cultural practices and fertilization were done following recommendations for each cultivar individually and the latter was based on soil analyses. Pesticides included in the treatments were applied with 20-liter lever-operated knap-sack sprayers with constant flow valves (CFValve R11-16SY; G.A.T.E, Sebastian, FL). The three experiments were all planted to coincide with the rainy season to insure natural late blight disease pressure. To differentiate experimental units and reduce potential interference effects of pesticide drift or pathogen/pest spread, all plots were surrounded with 1 to 2 m of oats (Avena sativa).
Peruvian Farme
Three districts, each from a differe Peruvian highlands were selected for the study ( Table 3) . La Encañada and Huamachuco are in the departments of Cajamarca and La Libertad, respectively, both in northern Peru, while Chaglla is in the department of Huánuco in central Peru. These zones were selected because of their importance in Peruvian potato production. A total of 307 farmers were surveyed between March and April of 2006 to gather information about potato production during their most recent crop cycle. Approximately equal tricts. In La Encañada 101 farmers were interviewed; in Huamachuco 104; and in Chaglla 102, representing approximately 4.9%, 5.5% and 46.1% of the potato area in each respective district. Average potato area per farmer differed substantially, with 0.89 ha in La Encañada, 1.55 ha in Huamachuco and 4.96 ha in Chaglla. All farms included in the survey were located more than 3000 m above sea level (m.a.s.l). The survey included questions on farm and potato plot sizes, varieties grown and details of pesticide use. Data were collected by agronomists visiting the farms and interviewing the farm owners. Data were based primarily on farmers' perceptions, but at times the interviewers attempted to verify the answers by inspecting equipment, plots or pesticide stocks.
Ecuadorian Farmer Survey
A detailed survey was carried out betw gust of 2007 to analyze the impact of tion in a program aimed at fomenting associations in the central region of Ecuador. Those who participated in the program received some IPM training. Data were collected in the provinces of Chimborazo and Tungurahua, two important potato production zones, which represent typical smallholder farming in the central Ecuadorian highlands. All data were collected for production fields
mental Impact (EI) of Potato ion Systems in Field Experiments in
Late all e with foliage severity at 100 days after ms that w mental Impact Thir t fungicide a.i. and 32 insecticide a.i.
Th Table 2 . Number of pesticide sprays and environmental impact (EI) from six different potato pest management systems in Location   2 found at more than 3000 m.a.s.l. Farmers were carefully selected and labeled as either 1) participants in the association program, 2) non-participants in the same communities or 3) non-participating farmers in control communities (those where the program was not implemented). The latter were communities that had similar characteristics to the association communities at the initiation of the association program. A study of the socio-economic impact of the program was published previously [28] . We report total aggregated pesticide usage from the two Ecuadorian provinces to facilitate a comparison with pesticide usage reported from the Peruvian farmer survey. We also report results aggregated by group to evaluate the effect of the farmer association program on pesticide usage patterns. Only data from potato plots with detailed information on the completed crop cycle were included in our analysis. Data are presented from 338 potato plots, representing 43% of all communities that participated in the intervention program and from 515 potato plots from farmers in the other two groups. Average potato area per farmer in the survey was 1.18 ha. Average potato plot size in Chimborazo was 0.59 ha and in Tungurahua 0.9 ha.
Results

Environ Product Ecuador
blight was controlled satisfactorily in all systems in xperiments, planting never surpassing 10% in any of the treatments. Likewise, Andean weevil and other insects were controlled to acceptable levels, with less than one percent tuber damage incidence at harvest in all treatments (data not shown). In the cultivars Fripapa, Superchola, Capiro and breeding clone CIP 575045 late blight severity generally reached 50% -100% before 100 days after planting in control plots (those without fungicide sprays) and in C8 and C11 late blight severity generally reached 1% -5% in control plots, demonstrating these varieties high level of resistance relative to the other cultivars.
The EI per ha varied greatly among the syste ere tested ( Table 2) , with values calculated for conventional farming systems with susceptible cultivars ranging from 419 to 1235. EI values for systems using late blight resistant and early maturing cultivars were lower and ranged from 40 to 174. Thus, the overall range in EI from all three trials was from 40 to 1235.
Pesticide Usage and Environ (EI) in Peruvian and Ecuadorian Potato Production
ty-four differen were reported as having been used to control pests and diseases in the Peruvian and Ecuadorian farmer surveys. Although many products were rarely used and only reported by a few farmers, several products were commonly used, but often in manners that were strongly site specific, resulting in differences between and within countries ( Table 3) . For example, in Ecuador the most commonly used fungicide was mancozeb, a contact product, while in Peru farmers tended to depend more on systemic fungicides, particularly formulations containing metalaxyl. Insecticide use between countries was also different, e.g., profenophos and acephate, which were common in Ecuador were not used at all in Peru. The most commonly used insecticides across all three districts in Peru were carbofuran and methamidophos, both highly hazardous [8] (Table 3) .
Products were also used differentially within countries. e fungicide dimethomorph was used in 26% of plots in 4 WHO recommended classification of pesticides by hazard; Ib = highly hazardous; II = moderately hazardous; III = slightly hazardous; U = unlikely to present acute hazard in normal use.
haglla but not at all in Huamachuco or La Encañada.
gicide applications. C Within Ecuador, the fungicide dimethomorph and the insecticide profenfos were used more in Chimborazo than in Tungurahua while the insecticide methamidophos was used more in Tungurahua than in Chimborazo (Table 3).
Similarly, total pesticide amount used were also variable among locations. Average insecticide amount used in Chaglla was only 1 kg/ha/season while in Huamachuco it was about 2 kg/ha/season and in La Encañada over 5 kg/ha/season ( Table 4) .
The total amount of pesticide used also varied between countries. In general, more pesticides were applied in Ecuador than in Peru (Table 4) , however, this was only evident by the total amount used and the EI, as the number of sprays per ha was relatively similar for the two countries. Thus, farmers in Ecuador tended to use higher dosages of fungicides. There were also differences related to cultivar -in Ecuador the cultivar Superchola, which is susceptible to late blight, received the most funData from the Ecuadorian survey showed that farmers who had participated in a training program used pesticides in a manner that resulted in lower EI than that of farmers in the control communities ( Table 5 ). This was not only associated with reduction in the amount of pesticide used but also in greater use of low EIQ products. The main reduction in EI was associated with fungicide applications; program participants applied less fungicide. Non-participants from communities where the training was done also had an EI lower than did farmers from control communities ( Table 5 ).
Discussion
Our study demonstrates the utility of the EIQ for assessing health and environmental hazar tion in the Andes assessment that otherwise would have been more difficult (or not possible) based on total pesticide use or number of applications. For example, in comparing the Peru- terms of pesticide hazard, the higher number f fungicide sprays in Chaglla would be compensated to about double the dose in Ecuador, however insecticides were applied more frequently and at a somewhat higher oria mers in 2 Enviro l impact b n the envi nmental impa quotien ee Mate vian locations Chaglla and La Encañada, one could assume that in difficult. It was evident that fungicides were applied at o some degree by the greater amount per ha of insecticide applied in La Encañada. However, it may not be evident that this would lead to an EI in La Encañada which was two to three times that of Chaglla. Thus, the EI helped to quantify impact patterns that could otherwise only be generalized. Similarly, comparing countries based solely on number of applications and dosages would have been dose in Peru. Since insecticides tend to have a higher EIQ, the overall pesticide hazards were not clear for each country. However, the EI assessment showed that on average, hazard was twice as high in Ecuador. The comparison of farmers participating in IPM interventions with those who did not participate ( Table 5 ) also demonstrated the utility of the EIQ.
cies related to methodolo thermore, the number of fungicide applications w s [30] . Kr he farmers. The high application rate re ming progr r ha per season as farmers in Huam
The observation above on dosages highlights one of the potential limitations of this approach that should be controlled as much as possible in future applications of the EIQ. The very large differences in fungicide dosages between Ecuadorian and Peruvian farmers stimulated us to consider possible discrepan gy used in the surveys. As noted, these data are primarily collected from farmer memory. Furthermore, there are a number of estimations involved in the calculation of dosage per ha, including area, volume of solution applied per area, and even the concentration of the product in the solution. Under general production practices, these things are not usually measured precisely and a particular component of the dosage estimation may vary greatly among farmers. For example, one study in Ecuador demonstrated that volumes of pesticide applied per ha per application ranged from 300 to over 900 L depending on spray equipment [29] . The published documents from the surveys we studied do not permit us to identify possible factors that may have affected estimates of dosage in either Ecuador or Peru, but the study does highlight the need to verify the accuracy of dosage data taken in future surveys. This is another utility of the EIQ. As with any meta-analysis, the EIQ can help identify extreme differences that may represent reality or may represent artifacts, but nonetheless warrant verification.
Our field study in Ecuador indicated that potato production in the Andes could be expected to have EI values ranging from less than 100 to more than 1000 ( Table 2) . The values from the two farmer surveys all fell within this range but in all cases toward the lower part of the range. Fur as lower than expected in all cases. Earlier surveys had placed the average number of fungicide applications in Peru at 6 [5] and in Ecuador at 7 [6, 7] , both of which are higher than values reported in the surveys herein.
In spite of the data reported in the recent surveys, we consider that the upper boundaries set by the Ecuadorian study are not unrealistic. Oyarzun et al. [3] reported that farmers in northern Ecuador sometimes spray potato crops as much as 18 times per season, and another study reported a similarly high number of application omann et al. [26] found that cultivars susceptible to late blight could not be protected in Peru or Ecuador using weekly or even 5-day schedules of application with a contact fungicide.
The relatively low number of fungicide applications reported in the recent surveys could result from several factors, including cultivar resistance, prevailing weather conditions, access to and price of fungicides and the financial capacity of the farmers, and the disease management capacity of t ported by Oyarzun et al. [3] was from northern Ecuador where farmers were growing the cultivar Capiro, which is probably more susceptible than any used by farmers in the surveys reported herein. The northern Ecuador farmers are also relatively large-scale and have resources to buy inputs. Finally, these farmers often grow Capiro under contract for potato chip production and are therefore assured a good price. A survey done in 2006 by the Ecuadorian national potato program (unpublished) found that small-scale farmers in the central parts of the country generally tend to apply less pesticide than their compatriots in the north. Therefore, cost of fungicides and household economies may have influenced the amounts used in the surveys. This hypothesis is less evident in Peru where the larger farmers in Chaglla applied more fungicide but less insecticide ( Table 4) . Late blight severity was not measured in the two surveys reported herein so we do not know if the interviewed farmers were successful in controlling the disease. At least one study from Bolivia indicated that many farmers do not spray enough for adequate control of late blight [31] . Farmers with training tend more so than other farmers to adjust the amount of fungicide for the level of resistance in the cultivar and for weather conditions [9] . In the case of Ecuador in our study, training also was associated with differences in the amount of fungicide used, but this was less evident with insecticides ( Table 5) .
Other studies using the EIQ have also reported high EI values. In some of the locations studied in Europe, EI per hectare in tomato production was over 1000 and on the island of Reunion EI per hectare (tomato) was over 1500 [32] . Tomato producers in Reunion used about 40 kg·ha -1 of pesticide per season. In our study, the far am at the CIP-Quito experimental site with cultivar Capiro involved 63 kg·ha -1 of pesticide per season resulting in an EI of 1235.
Yield data from the Ecuadorian and Peruvian farmer surveys indicated that productivity was highly variable among farmers and not clearly associated with EI. In the three study locations in Peru, yield ranged from about 5 t·ha -1 to 30 t·ha -1 (data is not shown). Farmers in Chaglla had similar total EI pe achuco, but their average productivity was about three times that of the latter. On the other hand, farmers in Huamachuco had similar productivity but a much higher EI than farmers in La Encañada. Average yield for farmers participating in the intervention program in Ecuador was 8.4 t·ha -1 and the average yield for non-participating farmers in the two control farmer groups in Ecuador was 6.3 t·ha -1 (data not shown). The extent to which pesticide use may have influenced yields is not known. Numerous tools have been developed to assess environmental and human health hazards or risks associated with pesticide use [12, 14] . Levitan et al. [14] classified a number of tools as ranging from anecdotal accounts to holistic assessments of impact of agriculture. For each tool, examples, units of measure, objectives tions were presented [14] . Examples of recent scoring systems that have been used for pesticides include the Environmental Hazard Index and the Priority Substances List in Canada [16] ; the Ecological Relative Risk indicator in Austria [33] , the European Risk Ranking method (EURAM); the Chemical Hazard Evaluation for Management Strategies from University of Tennessee; and Purdue Research Foundation's Pollution Prevention Progress Measurement Method in the USA [12] .
The EIQ is an external analysis, insensitive to sitespecific data, which makes the method insensitive to local environmental parameters, but also highly practical as there is no need for detailed information that often is not available in developing countries. The primary advantage of using a common metric for comparing pestic ross time and space is that it can facilitate comparisons across these dimensions and among crops. However, for such comparisons there is an underlying assumption that the metric is appropriate for all locations. The EIQ is composed of three hazard components: farm worker, consumer and environment, which obviously are not the same in all locations. Based on a rapidly increasing body of knowledge, hazards to farm workers (and their families) is higher in the developing world than in industrialized countries [34, 35] . The current EIQ values do not take into account differences in application technology or in use of personal protective equipment (Kovach J, pers. comm.) and hence some overestimation in applicator exposure may occur in higher income countries, or even underestimation in developing countries where use of protective clothing is rare [4, 29] . Greater bystander exposure might also be expected in lower and middle income countries where separation of agricultural operations and home life is less clear. As well, potentially vulnerable fauna may have greater exposure due to unsafe pesticide use practices e.g. washing backpack sprayers in streams, or may themselves be more susceptible to pesticide toxicity due to species differences and variation in environmental conditions. The EIQ, e.g., is heavily weighted to assess impacts on beneficial insects of apple production in the USA, for which the equation was originally developed, and there are particular limits for the human health component. Firstly, the use of a limited range of ordinal ratings to assign an a.i. a possible, p an health and the low ordinal values assigned to these ratings dilute the underlying extent of variability in toxicity values that may be present. This ordinal ranking would cause the EIQ values assigned to a.i. to appear more similar in hazard level than would be reflected in the original data, subsequently attenuating the variation in the hazard present for different crops and geographic areas. Secondly, studies used for dermal toxicity (DT) values are entirely rabbit or rat based models with a.i. being applied directly to the skin. The EIQ should thus be modified in areas where farmers do use protective clothing, although, again, this would appear to be rare in developing countries. While, to our knowledge, this article is the first EIQbased evaluation of pesticide use on potatoes in developing countries, it follows other studies where the EIQ was used on other crops in low to lower-middle income countries. Mazlan and Mumford [17] compared cabbage farmers and insecticide app nds of Malaysia. Bardenes-Perez and Shelton [18] used the EIQ to compare potential impact of cruciferous vegetables growing in the Kenyan highlands and in three areas in the Kullu Valley in India. Morse et al. [21] assessed the environmental impact of an agricultural shift to genetically modified cotton production in South Africa. Muhammetoglu and Uslu [36] used the EIQ to select the least detrimental pesticide from an evaluation of different pesticide management scenarios in an agricultural area in Turkey.
At this time the EIQ appears to be an effective tool for comparing potato production patterns in the diverse conditions found in developing countries. It is understood that the EIQ primarily should be used as a tool for agricultural practitioners to rapidly assess the hazards associated with re the relative differences among different pesticide use practices; it does not constitute a detailed risk assessment of a particular scenario. It is essential that the EIQ values from the Cornell University web page be constantly updated and adjusted with the latest health and environmental impact information on pesticides, and that agronomists and researchers in developing countries explore ways to make the EIQ more representative of local conditions.
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